We present integrations of a model Solar System with five terrestrial planets (beginning ∼30 − 50 Myr after the formation of primitive Solar System bodies) in order to determine the preferred regions of parameter space leading to a giant impact that resulted in the formation of the Moon. Our results indicate which choices of semimajor axes and eccentricities for Theia (the proto-Moon) at this epoch can produce a late Giant Impact, assuming that Mercury, Venus, and Mars are near the current orbits. We find that the likely semimajor axis of Theia, at the epoch when our simulations begin, depends on the assumed mass ratio of Earth-Moon progenitors (8/1, 4/1, or 1/1). The low eccentricities of the terrestrial planets are most commonly produced when the progenitors have similar semimajor axes at the epoch when our integrations commence. Additionally, we show that mean motion resonances among the terrestrial planets and perturbations from the giant planets can affect the dynamical evolution of the system leading to a late Giant Impact.
Introduction
Significant effort has been placed in determining the origins of the bodies within our Solar System. One of the most perplexing areas of study is the formation of Earth's moon, and more generally, of the Earth-Moon system. Several theories have been explored, including five scenarios that have garnered serious study by the scientific community over the past few decades. These scenarios include a fission wherein the Moon split from a rapidly rotating Earth, co-accretion of the Earth and Moon as a binary pair, capture of the Moon as a renegade planet, precipitation of the Moon from the Earth caused by a intense bombardment of small planetesimals, and a Giant Impact resulting from a collision of a Mars-sized or larger object with the Earth.
The reigning explanation is that the Moon comes from a Giant Impact on the Earth from a Mars-sized (Hartmann and Davis, 1975; Cameron and Ward, 1976) or larger object (Cameron, 1997 (Cameron, , 2000 Canup, 2012) , although a smaller impactor may also be possible (Ćuk and Stewart, 2012) . This theory rises to the top as it provides a sufficient explanation to many characteristics of the Earth-Moon system, most notably the amount of angular momentum residing in their mutual orbit and in the Earth's rotation, differences in mean densities of the two bodies together with compositional similarities between the Moon and the Earth's mantle (cf. Herwartz et al., 2014) , and variations in comparative radioisotopic ratios that all suggest a formation during the late stage of planetary accretion. During this late stage, it is very likely that the terrestrial region was fairly clear of large objects based upon numerical models of the duration of terrestrial planet growth (Chambers, 2013) . Chambers (2013) demonstrated that 3 − 5 terrestrial planets could have formed in the Solar System based on a new framework considering the effects of fragmentation and hit-and-run collisions. Specifically, Chambers shows that a 5 terrestrial planet system can persist through a full planetary growth simulation ( Figure 3 of Chambers, 2013) . Other works Izidoro et al., 2014; Walsh and Morbidelli, 2011; Brasser and Morbidelli, 2011; Chambers, 2007; O'Brien et al., 2006) have also shown that the number of terrestrial planets possible is consistent with the 3 − 5 estimate. In the case of a 5 planet model, the extra planet could have formed between the orbits of present day Venus and Mars.
Theories on the details of the Giant Impact hypothesis continue to be innovated and investigated further. Recent scenarios include: a hit-and-run scenario wherein a 30
• − 40 • collision angle is preferred (Reufer et al., 2012) , variations on the angular momentum of the Earth-Moon system following the impact (Ćuk and Stewart, 2012) , and variations upon the scaled impact parameter (Canup, 2012) . The newest scenarios (Ćuk and Stewart, 2012; Canup, 2012) invoke special conditions that allow for a Moon-forming impact, but the conditions to arrive at these scenarios may prove constraining. Ćuk and Stewart (2012) requires that the proto-Earth be nearly formed (∼0.99 M ⊕ ) and spinning at a rate near the breakup threshold to allow a smaller projectile to produce the protolunar disk. The alternate scenario proposed by Canup (2012) invokes a collision between similarsized progenitors and requires that the impact angle to be less oblique than previously indicated.
Other previous inquiries (Wetherill, 1986; Chambers and Wetherill, 1998; Chambers, 2001) suggest that planetary accretion is largely completed in a few tens of millions of years, with the early heavy bombardment lasting about 100 Myr. The effects of giant impacts are largely stochastic and typically produce a large rotational angular momentum (Safronov, 1966; Lissauer and Safronov, 1991; Lissauer et al., 2000, and references therein) . Terrestrial planet formation and the consequences of large impacts have been active areas of inquiry that have produced interesting and ingenious solutions to specific problems (Agnor et al., 1999; Kokubo et al., 2006; Kokubo and Ida, 2007; Kokubo and Genda, 2010; Raymond et al., 2006 Raymond et al., , 2009 Morishima et al., 2008 Morishima et al., , 2010 Hansen, 2009; Elser et al., 2011; Walsh and Morbidelli, 2011) . Early simulations with a SPH (smooth particle hydrodynamics) code to characterize the impact suggested a mass ratio of the colliding bodies of 7:3 (Cameron, 1997 (Cameron, , 2000 . More recent studies using SPH simulations indicate a wider range of impacts could lead to successful Moon forming events (Canup and Asphaug, 2001; Canup, 2004; Canup et al., 2013) .
Several studies based upon radiogenic dating (Brandon, 2007; Halliday, 2008; Borg et al., 2011; Bottke et al., 2014; suggest that the Moon-forming impact was late in the accretionary sequence, implying that at least five terrestrial planets persisted for tens of millions of years prior to a collision reducing the number. The best known observable to constrain the possible solutions is the dating of lunar samples. We place special emphasis on this constraint as the early estimates of this indicate the age of the lunar melt at 60 − 120 Myr (Taylor, 1975) after the the formation of Calcium Aluminum Inclusions (CAIs) in the Solar System asteroids and updated measurements that obtain an age of 70 − 110 Myr (Touboul et al., 2007; Brandon, 2007; Halliday, 2008; Borg et al., 2011) . However, other works (Yin et al., 2002; Jacobsen, 2005; Yu and Jacobsen, 2011) argue for a Moon-forming event earlier than 40 Myr. On the other hand, recent works Bottke et al., 2014) , which coupled dynamical simulations with geochemical constraints and impact age distributions on meteorites, concluded that the Moon formed 70 − 130 Myr after the CAIs.
Terrestrial planet formation simulations through the growth of planetesimals (Chambers, 2001 (Chambers, , 2013 show that most planetary embryos are cleared in 30 − 50 Myr after the CAIs, typically leaving of 3 − 5 terrestrial bodies surviving. Radiometric dating of the Earth using 182 Hf-182 W suggests the bulk Earth to have formed ∼30 − 50 Myr after the CAIs (Kleine et al., 2009) . While it is possible that more than five terrestrial planetary embryos were present during this time, dynamical formation simulations show this to be unlikely (Chambers, 2001; Raymond et al., 2006; Chambers, 2013) . Simulations also show that a total mass of 0.02 -0.2 M ⊕ in (small) planetesimals could be expected ∼30 − 50 Myr after CAIs . Thus, from all these considerations it is likely that there was a significantly long timespan before the Moon-forming event, during which the inner Solar System contained five planetary bodies and a planetesimal population with a small total mass.
Following Rivera (2001 Rivera ( , 2002 , we model the late stage formation of the Solar System with five inner terrestrial planets and four outer giant planets whose dynamical evolution leads to a Giant Impact. Based on the dating of early Solar System events discussed above, we favor simulations that lead to a Giant Impact after 20 − 80 Myr have elapsed. This relative time window of 20 − 80 Myr considers the maximum range that is consistent with both the estimate of 30 − 50 Myr for our starting epoch (after the inner Solar System is reduced to five planetary bodies and a population of left-over planetesimals of negligible mass) and the 70 − 110 Myr range as the expected timing of the Giant Impact (Figure 1 ).
Figure 1: Timeline illustrating our windows of interest with respect to the beginning of the Solar System. Our simulations begin subsequent to the bulk formation of the terrestrial planets, which is indicated to be at 30 − 50 Myr. The time range from 70 − 110 Myr represents the timing of the Giant Impact (from other studies), and the window of 20 − 80 Myr from the beginning of our simulations corresponds to the full range of allowed times of the bulk formation of proto-Earth and the Giant Impact.
The Solar System epoch that we are considering is subsequent to the dissipation of the gaseous component of the protoplanetary disk (which is estimated to have occurred a few million years after the beginning of planet formation), so we consider neither gas drag nor planetary migration in our simulations. However, in the Nice model, the Giant Impact occurs prior to the rearrangement of the giant planets induced by interactions with the disk of planetesimals in the Kuiper belt. Therefore, we perform some of our integrations using a configuration of the giant planets commensurate with the Nice model. Through these considerations, we seek to determine likely masses and orbital properties of the Earth-Moon progenitors at the epoch when our simulations begin. We outline our methodology in Section 2, present and interpret our results in Section 3, and provide our conclusions in Section 4.
Methodology

Starting parameters
In most of our integrations, the major planets (excluding the Earth-Moon system) begin with orbital elements from a welldefined recent epoch. Following Rivera (2002) , we use the orbital elements given in Table 1 . Our Nice model simulations use different parameters for the giant planets. We make the following assumptions about certain properties of the proto-Earth and proto-Moon: angular momenta of the proto-Earth and proto-Moon (primarily in their motions about the Sun) is equal that of the current Earth-Moon system. 2. A relationship of equipartition of orbital excitation energy exists to describe the eccentricities of the Earth-Moon progenitors. 3. The proto-Moon originated from the general neighborhood of the proto-Earth. Specifically, in most of our simulations we place the starting orbit of the proto-Moon between the orbit of Venus and slightly exterior to the orbit of Mars. However, we also present some simulations in which the proto-Moon begins as close to the Sun as 0.44 AU and as distant as 2.18 AU.
These assumptions are driven by observational evidence (e.g., dating of Apollo lunar samples and isotopic ratios) and current theories pertaining to the formation of the Solar System. The most general set of possible parameters is large, and we investigate only a small fraction in order to determine the general trends and processes present. We use the work of Rivera (2002) to begin our investigation, and we expand his results by considering much larger regions of parameter space for the semimajor axis and eccentricity of the proto-Moon, incorporating updated constraints and techniques that are now available.
We begin our simulations in the era of late stage formation when the vast majority of planetesimals are expected to have already accreted onto the surviving embryos (see Fig. 1 ) and only five planetary bodies are still present in the inner Solar System. We do not include planetesimals in our simulations, so our results represent starting conditions consistent with the expected lower limit (∼0.02 M ⊕ ) of summed planetesimal mass indicated by . We present our collision time relative to the beginning of our integrations, and any comparison of our results with the dating of the Moon should adjust for this difference.
Our starting conditions, given in Table 1 , come from Rivera (2002) , where Rivera obtained the values through private communication from E. Bowell. We use these values so that we can make a qualitative comparison between our results and those of Rivera (2002) . Since we use a different numerical integration package, substantially newer software & hardware (e.g., 64-bit words vs. 32-bit words), and a newer compiler with different optimization options, we don't expect to be able to reproduce exactly the results as given in Rivera (2002) . However, we should obtain statistically similar results. We assume that the sum of the initial angular momenta of the Earth and Moon progenitors is equal to that of the Earth-Moon system at the present epoch (in both cases, most of the angular momentum resides in the heliocentric orbit), and we assume an equipartition of excitation energy relative to circular orbits for the starting eccentricities, m S e 2 S = m L e 2 L , where the subscript L and S refer to the proto-Earth (Large) and proto-Moon (Small), respectively. These constraints can uniquely define an starting semimajor axis, a L , given the chosen values of m S , a S , and e S . Table 2 represents an example of the proto-Earth's starting conditions for a specific mass ratio given our assumptions, and Table 3 shows the general ranges for which we have evaluated a L . 
Following Rivera (2002) , we explore three different mass ratios, m L /m S = 8/1, 4/1, 1/1, to evaluate whether a mass dependence exists on the orbital elements of our "success" and "pseudo-success" cases. These mass ratios are especially pertinent for comparison to the recent results ofĆuk and Stewart (2012) and with those of Canup (2012) , as they assume different masses of the impactor. We use the same value for the argument of perihelion and ascending node as given by Rivera (2002) for consistency, and we compute the mean anomaly from the time of periastron passage. Thus we have a unique state vector {a, e, i, ω, Ω, M} for each planet within our simulation. From one run to the next, we vary only the initial state vector for the proto-Moon and update the corresponding values for the protoEarth due to our angular momentum constraint.
We have also produced a set of simulations that use a Nice model configuration of the giant planets . The Nice model assumes that migration in a disk of gas brings the giant planets into mean motion resonances early, and planetesimal-induced migration leads to the giant planets scattering each other from these resonances into the present day configuration at a much later epoch. Our simulations do not incorporate this much later (∼650 Myr after CAIs) event as the Giant Impact is constrained to occur 70 − 110 Myr after the start of planetary formation. Many multiresonant configurations (Morbidelli et al., 2007; Batygin and Brown, 2010) have been investigated and shown to produce a variety of results, likely due the chaos in the Solar System. Following the suggestion of A. Morbidelli (private communication 2013) , we have chosen a configuration where the period ratios of Jupiter:Saturn, Saturn:Uranus, and Uranus:Neptune are near 3:2, 3:2, and 4:3 resonances, respectively. This configuration places the semimajor axes of the giant planets at near 5.4, 7.2, 9.6, and 11.6 AU during the epoch that we study (Fig. 6 of Morbidelli et al., 2007) .
Copyright c 2014 Billy L. Quarles and Jack J. Lissauer Table 3 : Summary of starting parameters used in our simulations. Four groupings are shown: our primary study whose results are shown in Table 8 and Figure 2 ; extended regions of SS8 used in Table 7 ; our simulation similar to the cases studied by Rivera (2002) ; and Rivera's simulations. The parameters associated with Fig. 2 assume the proto-Earth and proto-Moon to be initially coplanar and vary in eccentricity as described in §3. The Rivera results and our reproduction (QL) evaluate two values of eccentricity and a small (2/3 • ) inclination for the proto-Moon. Further details of the Rivera and QL results can be found in the Supplementary Tables S1 -S4.
Integrations and Collision Tracking
The evolution of the early Solar System bodies is calculated using a modified version of the hybrid symplectic integrator in the mercury package developed by Chambers (1999) . The Sun and planets are treated as spherical, rigid bodies, and the orbital evolution is calculated subject to Newtonian gravitational interactions. Collisions between planets are treated as completely inelastic. We make similar assumptions as Rivera (2002) regarding the density and radius of the Earth-Moon progenitors (see Table 5 ) that determine the collisional radius, i.e., the distance between the centers of the two bodies at the time of impact, r col . Our module simulates the system using an initial timestep = 0.015 yr = 5.48 days to determine if and when a collision occurs within 200 Myr from when our simulations begin. This choice of timestep has been shown to be appropri- For cases where we wish to analyze the collision parameters, we have used a modified version of the close6 program that accompanies the mercury package to determine the state vectors, x i = {a, e, i, ω, Ω, M} i , of each mass one timestep prior to collision. Since we want to know the state of the system on the order of seconds prior to collision, we have implemented a python script to continue the integration of the colliding bodies under the 2-body approximation up to the collision time. This dual integration approach enables us to use the well-tested mercury package without unnecessarily frequent output of data, and our benchmarks indicate that it is substantially faster in terms of wall clock time than is a single integration with sufficiently frequent outputs to allow us to adequately determine the collision parameters that we are seeking. The final step in our algorithm uses the state vectors just prior to the collision to determine the Copyright c 2014 Billy L. Quarles and Jack J. Lissauer 2.3 System Characterization energy and orbital angular momentum of the colliding masses relative to the respective center of mass. Then conservation of energy and momentum is used to calculate the final collision parameters. In addition to the collision parameters, we determine the rotational period and obliquity of the merged mass assuming a perfectly inelastic collision.
System Characterization
Following Rivera (2001 Rivera ( , 2002 , we define a set of terms to characterize the final state of each simulation. The goal of this work is to explore further the plausibility of an additional terrestrial planet existing in the Solar System for 8 -200 Myr after most of the small planetesimals in the terrestrial planet region have been accreted, and this planet impacts the proto-Earth producing a distribution of terrestrial planet mass and eccentricity consistent with the reality of today. Our time window of collision is broader (than 20 -80 Myr) to increase our collisional statistics and to assess more widely the question of large, late impacts. In order to accomplish this goal, we have evaluated three different assumptions on the mass ratio between the progenitors (1/1, 4/1, 8/1) as well as a representative case considering a different giant planet arrangement (4/1 Nice model). We denote these cases as SS1, SS4, SS8, and Nice4 to differentiate easily between results, and then distinguish between different categorical outcomes within each case. The SS8 case is divided into three ranges for a S (interior, middle, and exterior) that we distinguish by the labels: SS8I, SS8M, and SS8E, respectively.
We define the terms "success", "pseudo-success", "non-SS mass", and "early" to characterize the outcome of the simulation based upon the timing of a collision relative to when we begin (∼30 − 50 Myr after CAIs) and the mass of the resultant body. For a simulation to be deemed a "success", we require that a collision occur between L and S after at least 8 Myr of simulation time has elapsed. If a collision occurs prior to 8 Myr between an Earth-sized body (Venus or proto-Earth) and a smaller body (Mercury, proto-Moon, or Mars) other than the L-S combination (5 possible pairings), the simulation is regarded as a "pseudo-success". For the SS1 runs, we restrict the definition of a "pseudo-success" to encompass only a collision of Venus and Mars or Venus and Mercury (2 possible pairings). When the mass of the merged body is significantly different from an Earth mass and the system has evolved for at least 8 Myr, we designate the result as "non-SS mass". This category could result from a collision between the Earth-sized bodies (Venus and proto-Earth) or two of the smaller bodies (proto-Moon, Mars, or Mercury) for the SS4, Nice4, and SS8 mass ratios (4 possible pairings). For the SS1 mass ratio, this category is expanded to include collisions of the proto-Moon or the proto-Earth with any of the other planets (bringing the total to 7 distinct pairings). An "early" category is placed upon systems when two terrestrial planets collide before the threshold of 8 Myr without regard to the resultant mass distribution. An additional category, "ejection", describes the outcomes where a terrestrial body collides with the Sun or reaches a distance greater than 100 AU where it is assumed to be ejected. The final category of no collisions "NC" represents those simulations that are stable for 200 Myr, i.e., without collision or ejection of any terrestrial body.
We use the angular momentum deficit (AMD) of the terrestrial planets to further characterize the "success" cases for all the simulations performed and "pseudo-success" cases for the SS8 runs. Through the AMD, we identify which post-collision systems are dynamically cold as is the current state of the Solar System. Laskar (1997) performed a long-term (25 Gyr) evaluation of the variations of the AMD for the Solar System and found that the maximum variation of the terrestrial planet AMD did not exceed twice the mean value. We calculated the sum of the terrestrial planet AMD for the epoch in Table 1 and use this to scale our results, defining
where i = 1 . . . N represents the heliocentric ordering of the terrestrial planets. For these runs we calculate the instantaneous AMD tp at one year after the collision and its mean value over an additional 10 Myr of evolution, AMD tp , to assess the dynamical excitation of the system. Simulations that approximate reality in terms of AMD AMD tp < 1.5 , relative timing of the collision (20 -80 Myr after the simulations begin), heliocentric ordering (collision produces the third planet from Sun), and the mass distribution of the terrestrial planets are considered as "Solar System-like", which is a subcategory of either "success" or "pseudo-success". We examine the collision characterization for the late impacts (8 − 200 Myr after our simulations begin) using SS4 runs. The two key factors in determining the outcome of a collision are the ratio of the impact speed, v col , to the mutual escape speed of the two bodies, v esc and the scaled parameter, b col /r col , where b col /r col = 0 or 1 refers to a head-on or grazing collision, respectively. These parameters are compared to successful initial conditions in detailed models of various type of impacts that may produce the Earth-Moon system, namely "canonical", "large impactor", "small impactor", or "hit-andrun". The "canonical" impact scenario refers to the more grazing (b col /r col ≈ 0.8) impact (Canup and Asphaug, 2001; Canup, 2004) with the collision velocity, v col , restricted to a value less than 1.1v esc . In contrast, the "hit-and-run" scenario requires the collision velocity ratio to be slightly larger (v col /v esc = 1.2−1.3) and a smaller impact parameter (b col /r col = 0.5 − 0.64) for the smooth particle hydrodynamic (SPH) models to produce a body with a composition similar to the Moon. However, some large impactor masses (near 1/1) that overlap with the "hit-andrun" in terms of the scaled impact parameter and encompass a broader range in the collision velocity ratio, v col /v esc = 1.0 -1.6, have been recently considered (Canup, 2012) . The "small impactor" scenario (Ćuk and Stewart, 2012 ) considers a different region of the parameter space where the impact parameter (b col /r col = 0.0 − 0.15) is close to head-on and the collision velocity is substantially higher (v col /v esc = 1.35 − 1.80). By performing this additional comparison, we provide a qualitative likelihood between the different models.
Results
We began our study by running six small sets of simulations that are analogous to those included in the study of Rivera (2002) . The parameter ranges studied and summaries of the results are presented in Table 6 , and lists of individual collisional outcomes are given in the Supplementary Tables S1 -S3. Table S4 is included to show the results of runs that were prescribed in Rivera (2002) , even though he did not present the individual outcomes corresponding to this set of runs. In Table  6 we find good agreement when comparing our reproduction with Rivera's results, within the statistical uncertainties of the small numbers of simulations run. Tables S1 -S3 for the 1/1, 4/1, and 8/1 mass ratios and equivalent statistics found in Rivera (2002) . The first column (QL R ) of each subset shows our results using the same starting conditions as Rivera. The counts of the specific categories that lead to an Earth-like mass, "success" and "pseudo-success", are also given. The headings "Circular" and "Eccentric" denote coplanar starting conditions for the progenitors. The 4/1 and 1/1 simulations in the "Eccentric" column begin with an eccentricity of 0.05 for the proto-Moon. The 8/1 simulations with the "Inclined" heading begin with an inclination of 2/3
• for the proto-Moon and e S = 0.
Following the motivation from the study by Rivera (2002), we investigate the general parameter space at much higher resolution, considering the starting (initial) conditions in a similar manner but limiting the initial inclination of the EarthMoon progenitors to zero to reduce the dimensionality of the phase space of possible initial values. We simulated the SS1 and SS8M cases at a "low" resolution of (11×80) in initial eccentricity-semimajor axis phase space, whereas the SS4 and Nice4 cases were studied at "high" resolution (51×159). Each case considers a range of semimajor axis (a S = 0.76 − 1.55 AU) and eccentricity (e S = 0.0 − 0.1) for the proto-Moon.
The inner limit on a S was chosen to include all orbits sufficiently exterior to Venus that they might be able to avoid close encounters with Venus at very early times. The exterior limit on a S allows close encounters of the proto-Moon with Mars. We included this outer region because Mars is smaller than Venus in both mass and size, and thus it is not highly unlikely that the system survives for many millions of years after the initial close encounters.
When an encounter involving the proto-Moon with either Venus or Mars occurs, both orbits are displaced due to an exchange of angular momentum. Consequently, the final orbit of Venus or Mars will be different from the orbit of corresponding real planet. However, the final orbits of these planets are not considered as a criterion for "success" and enter the criteria of "Solar System-like" only through the planet ordering and their contribution to AMD tp . We note that choosing values of a S beyond the orbit of Mars together with our angular momentum condition leads to the proto-Earth initially orbiting interior to Venus in some of the SS1 simulations. Simulations were also performed for extended ranges in the SS8 case (see Table 3 ), as our angular momentum condition places the proto-Earth near 1 AU for a greater range of a S . Moreover, the possibility of swapping orbits between the proto-Moon and Mars was of interest because of the similarity in mass for the SS8 runs. Figure 2 presents the results of all four sets of runs with a S = 0.76 − 1.55 AU. Figure 3 has been created using the collision/ejection times as seeds for a cubic spline interpolation with respect to the time of collision/ejection (color scale). The color scale reflects the collision/ejection time, with dark blue corresponding to simulations where no collisions or ejections occur and dark red corresponding to early collisions/ejections. The yellow and green regions that appear between the extreme regions indicate collision times of a late impact. We have overplotted the stars (white) for our "success" characterization to illustrate where the probability of this outcome is highest.
The contour maps reveal the dynamics of each case as well as structures caused by possible resonances between the terrestrial planets as mean motion resonances (MMRs) and secular effects from the dynamics of their Jovian counterparts. To this end we have labeled the locations of the nominal first-order MMRs with respect to interactions between terrestrial planets on the top axis of each plot. Our notation denotes the ratio of periods between another terrestrial planet and S unless otherwise noted. For example, the 4L:3 signifies that the protoMoon (S) orbits the Sun three times for every four orbits of the proto-Earth (L). The 4L:3, 5L:4, and 6L:5 mean motion resonances (MMRs) are clearly correlated with instability strips (Figure 3 ), whereas other MMRs (5M:6) indicate strips of increased stability. The co-rotational resonances are clearly manifest between the proto-Moon with either the proto-Earth (1L:1) or Mars (1M:1) at a S = 1.0 and a S = 1.523, respectively.
We have evaluated the summed angular momentum deficit of the terrestrial planets both 1 year after the collision (instantaneous), AMD tp , and averaged over 10 Myr following the collision, AMD tp , for each of the ∼1270 simulations that was classified as a "success" and the ∼210 simulations deemed 3 RESULTS 3.1 SS4 Results a "pseudo-success" in the full SS8 results. Cases with high AMD tp are expected to be unstable within the lifetime of the Solar System. For stable systems, higher AMD tp typically implies that Earth's eccentricity reaches higher values than in the actual Solar System. Figure 4 shows the results of this analysis considering both the AMD tp and AMD tp on a logarithmic scale with the respective simulation dataset color coded. The most striking aspect of these plots is that the vast majority of points in all four sets yield systems that have AMD tp larger that the actual terrestrial planets, as found by Raymond et al. (2009) . We note that strong similarities exist between the results in Fig.  4 of this work and Fig. 9 of Raymond et al. (2009) . We also note that a population of remnant planetesimals of a few percent of an Earth mass (required to deliver the late veneer to the Earth after the Moon-forming event; Raymond et al. (2013) ), that we neglect in our study, could reduce the final AMD tp .
In the following subsection, we discuss the SS4 case in detail. Subsequently, the results for the SS8 (which we have performed over the extended region in semimajor axis 0.44 ≥ a S ≥ 2.18 AU), SS1, and Nice4 cases are presented and compared with the SS4 results.
SS4 Results
Inspecting Figs. 2a and 3a, we see a majority of the "early" collision category occurs when the proto-Moon is initially placed near the proto-Earth or Venus, with many values of a S spanning the region between Venus and 1.1 AU leading to early collisions for high starting eccentricity. The early (< 8 Myr from our starting epoch) collisions are expected for a S near the proto-Earth from Hill stability and the overlap of first-order resonances. However, there exists a stable region when the EarthMoon progenitors are placed at or very near the same semimajor axis but separated in longitude. In almost symmetric locations around 1.0 AU, there are nominally stable regions where the simulations progressed to the full duration of 200 Myr. The "ejection" cases appear at random outside the stable regions in Figure 2 . The ejected body is either Mars or Mercury, the least massive planets, which are the easiest to perturb and thus possibly eject from the system. It is less clear how correlated the remaining "success" and "pseudo-success" outcomes are with respect to the parameter space, but the following statistical inquiry is performed to resolve this issue.
From the results shown in Figs. 2a and 3a, we can determine preferred locations within the parameter space for a late (8 Myr < t col ≤ 200 Myr) collision to occur for the SS4 case. Figure 5 examines the statistics of these late collision outcomes. There is a depletion of all late collision types in the highly unstable regions near the orbits of the proto-Earth, Venus, and perhaps Mars. This can also be seen in the cumulative distribution functions (Fig. 5a) as the "success" cases flatten in slope in the region near 1.0 AU and as a scarcity of points in the general joint distributions (Fig. 5c ). For this mass ratio (SS4), we see the distributions of "success" and "pseudo-success" have similar shapes, while the "non-SS mass" distribution is skewed towards higher values of a S , specifically with 80% of the population beyond 1.2 AU, for which the proto-Moon begins close Figure 4 : Characterization of the "success" outcomes of each set of runs with respect to both (a) the 1-year AMD tp and (b) the 10-Myr mean AMD tp after the collision; note the logarithmic scale. The horizontal line denotes a value of 1.0 which corresponds to the AMD tp of the present day Solar System. The shaded region (b) identifies the conditions that represents a "success" most consistent with current estimates for the age of the Earth-Moon system. The square points, SS8p, show the "pseudo-success" outcomes for the 8/1 case that can mimic "success" outcomes due possible switching of the proto-Moon and Mars. Tables 7 and 8 show the statistics (counts) of each dataset represented. Note: The vertical axis is scaled by the value of AMD for the inner Solar System at the reference epoch of JD 2449101.0 (see Eqn. 1). The collision produced the third planet from the Sun in the vast majority of runs denoted herein, including all of those in the shaded box.
to Mars and the proto-Earth begins closer to Venus. Distinct excesses from uniform for the "success" category are seen for a S in the ranges ∼0.8 − 0.94 and ∼1.06 − 1.28. cases given in Table 11 . Note the small deviation from the initial semimajor axes for the non-progenitor masses, which supports our use of current orbital elements of the terrestrial planets apart from the Earth-Moon progenitors as initial conditions beginning at 30 − 50 Myr after CAIs to arrive at a configuration similar to that of the current Solar System. The colliding bodies and timing of collision are sensitive to the starting eccentricity and semimajor axis of the proto-Moon and the proto-Earth. For the SS4 case, the interactions of a 4L:3 mean motion resonance (MMR) between the Earth-Moon progenitors and a secular effect with Jupiter induce enough perturbations uniformly with eccentricity to suggest a possible mode of production for Earth-Moon type systems through secular chaos. The significance of the secular interactions are illustrated in Appendix A through a comparison with a Nice model configuration where only the giant planet architecture of the system has changed.
The cumulative distribution functions with respect to the collision time for each collision category (Fig. 5b ) are all weighted towards earlier times and do not resemble a uniform distribution. They are reasonably well fit by either a power law distribution or an exponential decay with a half-life ∼30 Myr relative to the bulk formation of the proto-Earth (the starting time of our simulations) and are weakly dependent on the collision category. The "success" and "pseudo-success" categories are Table  11 . The simulations are ordered to correspond with the results in Table 11 by the starting semimajor axis of the proto-Moon a S . The starting values in semimajor axis for Mercury (black), Venus (yellow), proto-Earth (green), proto-Moon (blue), and Mars (red) are indicated by points, with the ends of the bars denoting the periastron and apastron values of each respective body. The open circles correspond to the post-impact states of the resulting planets, where the size of each circle is scaled to the relative size of the respective planet. Vertical dashed lines are also shown to guide the eye and illustrate the deviation between the post-impact states and the orbits of the real Solar System planets.
slightly more weighted toward earlier times than the "non-SS mass" outcome. The distributions of eccentricity ( Fig. 5d ) are similar to the uniform distribution. This is because the tendency for low eccentricity cases to be stable is roughly balanced by the excess of early collisions for high eccentricity. Figure 4 shows a wide range in AMD tp and AMD tp for the SS4 runs (blue dots). The SS4 results depicted in Figure 4a show a substantial number of cases with instantaneous AMD tp < 1.5 and even cases with AMD tp < 1.0, i.e., smaller AMD tp than the present day Solar System (see §2.3). However, this observation doesn't provide an accurate portrayal of the long term evolution. Through inspection of the AMD tp (Fig. 4b) shows only 1 of the 612 SS4 "success" runs having AMD tp < 1.0. Nonetheless, a substantial number remain in the regime of AMD tp < 1.5 and within the 20 -80 Myr time window.
Finally, we characterize the collisions for the SS4 cases within the parameter space of the impact parameter (b col /r col ) and the collision velocity (v col /v esc ). Figure 7c shows the joint distribution of the late collision outcomes for the SS4 runs while Figure 13 illustrates the the collision characteristics for the other mass ratios. The median values of the impact parameter (0.70) and collision velocity (1.13) are shown as dashed lines. The highest density of points is in the lower right corner of the parameter space, i.e., slow collisions with large impact parameter, with most outcomes having a collision velocity ratio Copyright c 2014 Billy L. Quarles and Jack J. Lissauer less than 1.13. This is also evident in the respective cumulative distributions (Figs. 7a and 7b) . The collision cases considered in Fig. 7a appear to follow a uniform distribution in the square of the impact parameter, which we attribute to the weak gravitational focusing for most collisions. We have indicated the region of parameter space representative of a hit-and-run scenario (see §2.3 for details) on Figure 7c by a small black box centered at b col /r col ≈ 0.58 with a collision velocity from 1.2 -1.3. The domain contains a fair number of each outcome considered, but the "success" outcome that would describe the Earth-Moon system occurs least frequently.
The successful conditions for a large (0.40 -0.45 M ⊕ ) impactor akin to Canup (2012) , the magenta box in Fig. 7c , is centered at b col /r col ≈ 0.60, but with a collision velocity from 1.0 -1.6, where the evection resonance as used byĆuk and Stewart (2012) would redistribute the excess angular momentum into the heliocentric orbit of the Earth-Moon system. The lower portion (v col 1.1v esc ) contains a higher density of points than the hit-and-run scenario. We have denoted these regions of parameter space of the non-canonical impact scenarios to highlight the successful regions of parameter space representative of successful SPH initial conditions. The red box (Fig. 7c ) centered at b col /r col ≈ 0.8 encloses the runs that could be described by a canonical impact (Canup, 2004) . The canonical hypothesis suggests a collision parameter approximately equal to 0.8, where we have considered the range 0.75 − 0.85 and a collision velocity less than 1.10. There is a high density of successes in the region of the b col − v col plane consistent with the canonical impact scenario.
An alternative scenario considers a rapidly spinning Earth with a small impactor (Ćuk and Stewart, 2012) ; this is best approximated by our SS8 runs. The domain of such a scenario within the collisional parameter space would have v col /v esc = 1.35 − 1.80 and b col /r col = 0.00 − 0.15, which for our case is very sparsely populated as indicated by the gray box in Fig. 7c . In addition, these high velocity, small impactors would most likely have originated from beyond the orbit of Mars in order to account for the higher impact velocity and would tend to produce a system with a large AMD tp .
SS8 Results
We have produced similar maps for the SS8 set of runs as in the SS4 case, but at low resolution and over a substantially larger range in a S . We first describe results (SS8M) for the same range in a S as used for the other mass ratios (0.76 -1.55 AU) and then consider regions of initial a S interior and exterior to that range.
In the characterization map (Fig. 2b) , the distributions of "early" and "non-SS mass" in initial semimajor axiseccentricity phase space is very similar to the SS4 results. Our angular momentum constraint causes the ranges of initial a L and e L to differ for each mass ratio (see Table 3 ). The interpolated contour map (Fig. 3b) has lower resolution, and therefore it doesn't resolve the possible resonant structures as well. Despite this limitation, Fig. 2b shows a wider instability region for the proto-Moon semimajor axis at a S ≈ 0.86 than is present in the SS4 runs (Fig. 2a) . There are regions that seem to be correlated with interplanetary resonances. The most defined resonances correspond to the co-rotational ones that protect the proto-Moon from significant perturbations. Formation at these locations is improbable within current theories of solid planet formation, and hence we consider these to be less likely scenarios. Figure 8 shows characterization maps for the interior and exterior regions of SS8. For the SS8I runs (Fig. 8a) , there is a stable region from a perihelion distance of ∼0.5 AU to aphelion distance of ∼0.65 AU. Runs with the proto-Moon initially near either Mercury or Venus typically result in "early" collisions, while "non-SS mass" cases occur between Mercury and the stable region. Cases resulting in a "pseudo-success" appear between the stable region and Venus. Some "success" outcomes occur, but these cases have AMD tp > 2.0. Figure 8b shows a much different set of outcomes when considering the SS8E runs. There is a stable region ranging from 2.08 -2.18 AU. Interior to 2.08 AU, most runs result in either ejection or non-SS mass outcomes, with other characterizations appearing less fre-quently and without an apparent pattern, in contrast to the SS8I and SS8M results.
The SS8 runs roughly approximate the terrestrial planet interactions with a test particle and are consistent with such investigations (Evans and Tabachnik, 1999; Robutel and Laskar, 2001 ). Specifically, the broad blue regions in Fig. 3b that we find to be stable correspond to regular orbits, whereas other areas may exhibit chaos as previously indicated (Figs. 2a, 2b , & 2c in Robutel and Laskar, 2001) . These regions are present in the other Solar System mass ratios as well, but they have differing sizes because the test particle approximation is no longer as appropriate and because the proto-Earth is more displaced as a result of our assumption of conservation of total angular momentum of the Earth plus the Moon. Figure 9 : AMD tp results considering the SS8 "pseudosuccess" outcomes for the full range (0.44 AU -2.18 AU). This set illustrates the wide range of AMD tp possible where the shape of each point represents each impact scenario as indicated. The red dashed line indicates AMD tp = 1.5. All "pseudo-success" simulations that begin with a S > 1.5 result in systems with AMD tp > 2.
The SS8 case allows for an alternative scenario wherein a collision between Mars and the proto-Earth occurs leaving the proto-Moon at a semimajor axis consistent with present-day Mars. This scenario originates from a mass degeneracy between the proto-Moon and Mars. Figure 9 demonstrates that a wide range of AMD tp values are possible within three different collision scenarios of the "psuedo-success" category. More importantly, Figure 10 shows the "psuedo-success" and "success" runs that have an AMD tp value low enough to be considered similar to our Solar System. The colored points that have a collision within a 20−80 Myr timescale illustrate a small number of "psuedo-success" cases with low AMD tp values, roughly similar to our own, as indicated by the final states in the bottom 3 rows of Figure 11 . Figure 4 shows a similar trend in the SS8 results as compared to the SS4. Figure 11 demonstrates that "success" cases where a proto-Moon with an starting a S near Mars can result in a different final semimajor axis of Mars. Table 11 and the "pseudo-success" cases where Mars collides with the proto-Earth and the proto-Moon resides in an orbit consistent with present-day Mars. The top 3 rows ("success") and the bottom 3 rows ("psuedo-success") have been selected by the collision time, 20 − 80 Myr, and the AMD tp < 1.5.
The statistics of this case are similar to those in the SS4 with respect to the cumulative distributions of collision time and eccentricity (Figs. 12b vs. 5b and 12d vs. 5d ). The main difference is that the semimajor axis distribution (Fig. 12a) In the extended region of a S that we consider in the SS8 case (0.44 AU -2.18 AU), we see a more varied occurrence of outcomes, as shown in Table 7 . For a proto-Moon initially close to or interior to Venus (SS8I), "early" collisions occur more frequently than in our standard region of interest and ejections are less common. Most collisions in the 8 -200 Myr time window were "non-SS mass". Neither "success" nor "pseudosuccess" appear to occur very often and none of our simulations in this region could be considered as similar to the Solar System due to our constraints. In contrast, the region beyond Mars, SS8E (1.55 AU -2.18 AU), shows that the primary characterizations occur in approximately equal quantities. This region is expected to exhibit more chaos from simulations of test particles (Robutel and Laskar, 2001) . When a collision does happen, the outcome of "non-SS mass" dominates, specifically with collisions between the proto-Moon and Mars. Once more the "success" or "pseudo-success" outcomes do not reflect final systems similar to our own, as they have values of AMD tp > 2, as shown in Figure 9 .
In Fig. 7c (SS4) , most runs produced slow, grazing collisions and that trend continues within SS8 cases shown in Figs. 13a  and 13b . The median scaled impact parameter (b col /r col ) (vertical dashed line) in Fig. 13a is similar to Fig. 7c , but the median normalized collision velocity (horizontal dashed line) has increased to 1.18, despite the larger vlaue of v esc . Nonetheless, collisions corresponding to a small impactor scenario remain fairly rare in this parameter space. The hit-and-run, large impactor, and canonical regions are similarly populated compared to Fig. 7c . For the combined SS8I and SS8E runs (Fig. 13b) , the median collision velocity has increased to 1.25 as a result of the proto-Moon starting from a more distant location relative to the proto-Earth. The "pseudo-success" outcomes are of greater interest for this mass ratio (due to possibility of a Mars-Theia swap) and are absent from the domain for a small impactor. They do appear in regions corresponding to the other impact scenarios, but the AMD tp is much higher from those collisions (Fig. 9) , possibly leading to a future instability. Overall the SS8 runs tend to prefer a canonical impact scenario over the small impactor, as demonstrated by the "success" results in Fig.  13a and the combination of "success" with "psuedo-success" outcomes in Fig. 13b. 
SS1 Results
The SS1 set of runs (Fig. 2c) have very different distributions of mass than the SS4 and SS8 runs. In this case, comparisons between the "early" and "non-SS mass" outcomes with previous results cannot be performed in a similar manner. The semimajor axis of the "proto-Earth" (in this case equal in mass to the "proto-Moon") can range in values from 0.555 − 1.261 AU (see Table 3 ) as prescribed by our angular momentum assumption and therefore includes Venus-crossing orbits. So a large number of "early" outcomes are indicated for proto-Moon 3 RESULTS The subcharacterization of "SS-like" requires that the time of collision occur between 20-80 Myr from the start of the simulation, the colliding bodies include the proto-Earth with either the proto-Moon or Mars, and the AMD tp be less than 1.5 times the mean value of the current Solar System terrestrial planets. The mean and median survival times (in Myr) are given considering all outcomes from each region.
Category
semimajor axes greater that 1.2 AU (1.25 AU for low eccentricity) due to the proximity of the proto-Earth to Venus. The SS1 runs are also degenerate to the impactor (i.e., proto-Earth vs. proto-Moon) as the two bodies have the same mass in the SS1 runs.
The resonances that involve L lie at different locations of S for different mass ratios. These differences result from the relative values of a S and a L that scale with the mass ratio and are correlated with our constraint on angular momentum (i.e., the range of semimajor axes a L that the proto-Earth can occupy). The SS1 runs thus show the more dramatic change in resonance locations compared to the SS4 and SS8M runs. For example, compare the location of the 2L:3 MMR in Figs. 3a, 3b , and 3c.
Despite these significant differences, there are similarities to the previously presented cases. Large regions of stability exist in symmetric regions around 1.0 AU (Fig. 3c) . All the "success" outcomes are anchored around 1.0 AU as well. These features speak to the plausibility of forming the Moon from similar mass impactors. Namely, the progenitor pair are likely to have orbited close to one another at the epoch when our simulations begin, which may have implications concerning the expected isotopic compositions (Wetherill, 1994; Herwartz et al., 2014) .
The SS1 runs must be considered a little differently because the are far fewer "pseudo-success" outcomes as that category is significantly more difficult to produce. Thus, we look primarily at the "success" outcomes as a group and the remaining late collision outcomes ("pseudo-success" + "non-SS mass") as a separate group (Figure 14) . As a result, the SS1 results have a clearer dichotomy in the resultant merged mass within the late collision outcomes as compared to the SS4 and SS8 results. The distribution of the "success" outcomes has 2 populations approximately symmetric about 1.0 AU (as expected from the symmetry in masses), and the full population is reached at a S = 1.15 AU as shown in Fig. 14a. In contrast, Fig. 14a shows the other late collision outcomes are more uniformly dis- tributed. The collision time distribution (Fig. 14b) resembles the SS4 case, but the "success" and "non-SS mass" outcomes are more tightly intertwined except for a small depletion of the "success" category at 50 − 100 Myr. The eccentricity distribution is approximately uniform, as in the previous cases (Fig.  14d) .
The collisional characteristics for the SS1 runs (Fig. 13c ) display a more dramatic shift to a lower median normalized collision velocity (1.06) and a higher scaled impact parameter (0.75). This is a result of the starting distance between the proCopyright c 2014 Billy L. Quarles and Jack J. Lissauer
Nice4 Results
genitors being smaller as compared to the SS4/SS8M runs and the difficulty in scattering more massive planets to orbits with higher eccentricities and inclinations. Simulations that result in a "success" often have collision parameters similar to those called for in the large impactor and canonical impact scenarios.
The terrestrial planets in our Solar System are perturbed by the giant planets, and the orbits of the giant planets may have been different during the early Solar System era that we are simulating than they are at the current epoch. Thus we consider a Nice model giant planet arrangement (Table 4) for the 4/1 mass ratio, Nice4. We have produced high resolution characterization and interpolation maps (Figs. 2d and 3d) to illustrate where a different giant planet model would become important. Comparing Fig. 2d with the SS4 case in Fig. 2a , we see a similar (almost identical) landscape for a starting proto-Moon semimajor axis less than 1.1 AU. In this region, the gravitational forces of Venus and/or the proto-Earth dominate over the perturbations of the much more distant giant planets. But this is not the case for a semimajor axis greater than 1.1 AU. A region of mostly stable systems at low eccentricity begins near 1.05 AU in both sets of simulations, but it extends to beyond 1.3 AU for Nice4 whereas it peters out near 1.25 AU for SS4. The instability due to the 4L:3 MMR (Fig. 3a) is suppressed in the Fig.  3d ; however other resonances (6L:5 and 5L:4) are present that induce similar perturbations, but to a lesser degree. In the SS4 runs, there is a strip of "success" and "pseudo-success" outcomes near 1.165 AU that is missing from the Nice4 runs. Also the "success" outcomes are rare beyond 1.3 AU for the Nice4 runs and more uniform in SS4 case. Both cases have "success" peninsulas starting just exterior to 1.0 AU and extending up to 1.165 AU. Fig. 3d illustrates the full extent of these differences in collision outcomes and the similarities with resonance structures between 1.25 and 1.4 AU.
The semimajor axis cumulative distributions (Fig. 15a ) for the Nice4 case are similar to the SS4 set (Fig. 5a ), but the "success" outcomes rise more steeply due to the significantly lower occurrence for large values of a S . The "pseudo-success" outcomes follow a similar trend in the 0.76 − 0.9 AU region and become more uniform beyond 0.9 AU, which is quite a different trend than in the SS4 case. For the cases that have collisions, the collision time and eccentricity distributions follow similar trends in the two sets of runs (Figs. 15b and 15d vs. Figs. 5b  and 5d ).
The collision characteristics of Fig. 13d vs. Fig. 7c depict a similar landscape, but with a lower median collision velocity (1.09). This is likely due to a smaller interaction with the giant planets. The hit-and-run, large impactor, and canonical impact scenarios contain substantially more dense domains that the small impactor and a stronger preference towards impact scenarios with a lower collision velocity (large impactor and canonical). Figure 4a displays a similar distribution of the instantaneous post-impact AMD tp for the Nice4 runs (yellow dots) as the previous runs considering the Solar System giant planets, albeit Figure 4b , where the upward shift from AMD tp to the AMD tp that is observed in results for the Solar System runs does not occur nearly as strong for the Nice runs. In particular, Figure 4b shows ∼90 Nice4 simulations where AMD tp < 1, but only one run with the Solar System giants has such low terrestrial planet AMD. One would expect that if the interactions with the giant planets did not substantially affect the terrestrial planets, then these distributions would be similar.
There is a small but significant secular interaction between the giant planets and the inner Solar System. From the basic setup of the Nice model, the giant planets are initialized on near circular, coplanar orbits with Jupiter's and Saturn's eccentricities dramatically reduced, e SS e Nice Jup ≈ 9.61 and e SS e Nice Sat ≈ 4.21. The secular perturbations scale linearly with eccentricity and the higher-order mean motion perturbations also increase with eccentricity. Thus secular perturbations from the giant planets are significantly reduced in the Nice model. Appendix A shows the amplified importance of these interactions for those simulations with a S = 1.165 − 1.170.
With Jupiter more distant and the giant planet AMD reduced by an order of magnitude, we also expect a lower inner planet AMD after the collision due to the ineffectiveness of the giant planets to pump the inner planet eccentricities throughout the simulation. Brasser et al. (2009) showed that a set of circular, coplanar inner Solar System planets would experience significant pumping of their eccentricities as a result of the giant planet resonant crossings (650 Myr after CAIs) in the Nice model, so the Nice model would require lower AMD tp at the end of the era of early Solar System evolution that we are probCopyright c 2014 Billy L. Quarles and Jack J. Lissauer ing in this study.
In Figure 16 , the evolution of the AMD tp is given for six cases comparing the SS4 run (red) with the corresponding Nice4 (blue) run. These cases were chosen as they were characterized as a "success" in the 20 -80 Myr collision time window and AMD tp < 1.5 for both giant planet configurations. Fig.  16a also illustrates the corresponding sum of the AMD for the giant planets. The evolution of the summed AMD of the giants looks the same in the other cases considered and thus have been omitted. This comparison explains some of the trends apparent in Fig. 4 , specifically the mechanisms behind the changes between the instantaneous AMD tp and AMD tp , but the details of the individual cases presented are diverse as the result of chaotic variations. Figure 16 : The evolution of the summed AMD of the terrestrial and giant planets have been indicated in (a) for both the SS4 (red) and Nice4 (blue) runs with a S = 0.920 and e S = 0.020; note the order-of-magnitude difference in AMD. The evolution has been evaluated up to the collision time (vertical dashed lines), which have been color coded to match the respective parent set, and continued for an additional 10 Myr. The summed AMD evolution of the giants in the other runs look the same as in (a) and thus have been omitted. The evolution of AMD tp for the cases indicated in (b) a S = 0.940; e S = 0.020, (c) a S = 0.945; e S = 0.014, (d) a S = 1.060; e S = 0.076, (e) a S = 1.085; e S = 0.022, and (f) a S = 1.125; e S = 0.074 illustrate that variations with AMD tp depend on the giant planet configuration assumed. These cases were chosen because the respective SS4 and Nice4 run each result in a "success" within the restriction of a 20 -80 Myr time window and AMD tp < 1.5, and they are depicted in Figure 17 by overlapping symbols. Fig. 16 , the AMD tp the Nice4 runs are calmer with less variation as compared to the SS4 runs, where this difference is attributed to the much lower scaled AMD being transferred between the giant and terrestrial planets. Another distinguishing feature is the evolution of the systems after the collision. There is an equilibration (flatness) in the AMD tp after the collision in the Nice4 cases, whereas the SS4 cases continue to display variations. This demonstrates the perturbative effects of the giants in these two scenarios. This is manifest in the more general picture of Fig. 4 with the Nice4 runs having AMD tp relatively unchanged over an additional 10 Myr of simulation whereas the AMD tp of SS4 cases vary more substantially. Table 8 demonstrates that a correlation exists between the collision time and the giant planet architecture. This likely results from a greater excitation of the terrestrial planets by the giant planets in the SS4 runs than in the Nice4 runs.
Overall in
Comparison of the Four Scenarios
By performing performing a statistical analysis of our results, we can estimate how the number of events per category scales with the mass ratio. Table 8 shows the number of events per category and when normalized by the total number of runs per mass ratio. We have included a second set of results using only those SS1 runs that have a L > 0.76 and also excluded the extended range simulations (SS8I and SS8E) to allow for a fairer comparison. Upon inspection of the full sets (SS8M, SS4, and SS1), we can see that the percentage of runs that survive 200 Myr and eject due to instability both remain relatively flat with respect to the choice of mass ratio. When we consider the range of SS1 in the final column, the 1/1 runs are more stable and have fewer ejections than the other SS runs. There are also differences between the 1/1 and higher mass ratios for the categories of collisions due to the modified classification scheme for the 1/1 because of the reduced number of ways to make an Earth-like mass from bodies other than the progenitors. Thus we expect to see a depletion of "pseudo-success" counts, which is evident in the SS1 runs compared to an equal percentage in the higher mass ratio runs (see §2.3).
We provide the mean, median, and standard deviation of the survival times for the various groupings of runs in Table 8 . The associated event time corresponds to each ejection or collision; a value of 200 Myr is used for the NC case. The SS4 and SS8M cases show similar values. The SS1 full sample has shorter times, but the reduced SS1 set has longer characteristic survival times. The Nice4 set has longer times than SS4, which motivates a dynamical study that we present in Appendix A. Table  7 demonstrates an increase in the median survival time with increasing heliocentric distance, where dynamical timescales are longer and the proto-Moon is farther from the most massive terrestrial planets. Table 8 : Counts of the results in the intermediate semimajor axis range, 0.76 ≤ a S ≤ 1.55 AU. The SS8M and SS1 cases consider 880 total runs, and the SS4 and Nice4 cases each consider 8109 total runs. The subcharacterization of "SS-like" requires that the time of collision occur between 20-80 Myr from the start of the simulation and the AMD tp be less than 1.5 times the mean value of the current Solar System terrestrial planets. The mean and median survival times (in Myr) are given considering all outcomes from each mass ratio. An additional column has been provided for the SS1 runs considering only the cases which a L > 0.76 (a S < 1.25), and there are 538 total runs after making this selection. Table 9 shows a comparison of the SS4 and Nice4 runs with respect to the general outcomes: NC, early, and late. The early category here corresponds to the grouping of the "early" collisions with the ejections within the same time regime (< 8 Myr). The late category describes a grouping of any collision or ejection that occurs after 8 Myr but prior to 200 Myr. From this comparison we can see how the change in the giant planet configuration affects the outcomes. For instance, there were 98 early outcomes in the SS4 set that became NC in the Nice4 set. A clear majority of the runs (62.5%) lie along the upper left to lower right diagonal that indicates similar lifetimes, which implies that the terrestrial planets are primarily responsible for their own dynamics. Substantially more runs lie within the lower left triangle (2109) than in the upper right triangle (946), indicating the importance of giant planet perturbations. But the fact that the upper right region still has a significant fraction of the outcomes (∼11.7%) suggests that chaotic variations are of comparable importance to the difference in giant planet perturbations between the two models. Table 10 provides the number of late collisions that are consistent with the domains of each impact scenario (Figs. 7c and 13a-d) for low collision velocity (v col /v esc < 2). Each impact scenario has a different mass ratio assumption, so we limit the comparisons to reflect those assumptions. The SS8 cases can correspond to the small impactor or canonical impact scenario and represent either the "success" or "psuedo-success" outcomes. The "pseudo-success" outcomes that involve a collision with Mars and the proto-Earth are given because of the interesting possibility of a Mars-Theia swap. In both the SS8M and extended regions (SS8I/SS8E), canonical impacts occur more often than the small impactor (extremely rare for all mass ratios). The hit-and-run impact scenario roughly corresponds to our SS4 and Nice4 runs, which indicate that it is a possible impact scenario but not overly preferred occurring only for a few percent of all "success" cases. The large impactor is consistent with our SS1 runs which account for ∼22% of the "success" cases, which is by far the largest fraction by mass ratio obtained. The SS1 cases have far fewer total counts of late collisions and small number statistics may affect this result. However the "other" row shows that a collision can occur outside of the domain for any of the impact scenarios considered a large fraction of the time.
Nice4
NC
We present a distribution of candidates likely to resemble the Solar System in Figure 17 using the resultant merged mass, collision time, and AMD tp within the (a S , e S ) parameter space. These candidates were chosen with the requirements that the time of collision was 20 − 80 Myr after formation of the bulk proto-Earth and the mean post-collision AMD was < 1.5 times the reference scaled AMD. Additionally we require that the resulting system match the heliocentric ordering and mass distribution of the terrestrial planets, as do all "success" outcomes and a particular subset of "pseudo-success" results within the 8/1 mass ratio. Note that in most cases a S is close to 1 AU, with larger departures from this location typically found for higher e S . The high density of MMRs within the region may provide enough chaos due to their overlap to induce instabilities on a long (20 − 80 Myr) timescale. Tables 11 and 12 give the collision parameters for select simulations for each mass ratio with Solar System-like outcomes. These parameters can serve as initial conditions for future SPH simulations. For the SS cases we provide the parameters for the three lowest AMD tp simulations in each of the low resolution (8/1 and 1/1) mass ratios and for the 20 lowest AMD tp simulations in the high resolution (4/1) SS case. As there are substantially more low AMD tp cases in the Nice4 runs, we provide parameters for only the 41 cases with AMD tp less than 1.0. These simulations were selected in this manner because it has been shown that the AMD tp will increase as a result of a giant planet rearrangement that occurs at an epoch subsequent to our simulations according to the Nice model.
Previous studies (Agnor and Lin, 2012; Brasser et al., 2013) have demonstrated that it is most likely to obtain the current AMD tp if the inner planets were at least 30% calmer prior to the giant planet rearrangement, implying AMD tp of 0.7. Furthermore, the results of Laskar (1997) showed up to 20% variation in AMD tp relative to the current Solar System for ∼4 Gyr into the past and future. Thus, we believe these candidates are Collision scenario SS8M SS8I/SS8E SS4 Nice4 SS1 All S P ML All S P ML All S All S All  S  small impactor  2  0  0  2  0  0  9  1  7  0  0  0  large impactor  74 20  5 63  3  3 762 122 720 133 37  7  hit-and-run  11  1  1  7  0  0  78  8  47  6  3  0  canonical  21  8  1 16  0  0 224  53 241  54 29  6  other  241 57  37 159 23  15 2263 397 1981 311 146 18   Table 10 : Counts for the late combined collision categories ("success", "pseudo-success", and "non-SS mass") that exhibit impacts consistent with the (b col /r col , v col /v esc ) results of SPH simulations for each of the collision scenario domains. These counts are derived from the same data that produced Figs. 7c and 13a-d , where the S and P ML columns denote the counts for the "success" and "pseudo-success" wherein Mars collides with the proto-Earth, respectively. We have presented an additional row ("other") to show the number of runs with a relatively low collision velocity (v col /v esc < 2) that did not fall within each of the prescribed domains.
Figure 17: Resulting sample of runs that had collisions thought to resemble the evolution of the early Solar System (20−80 Myr and AMD tp < 1.5), as denoted by the shaded region in Figure  4b , plotted with respect to the starting (a S , e S ) parameter space. The points are color coded with respect to the scaled AMD tp . The symbol shapes denote the set of runs from which the point was taken.
likely to best represent the post-collision state of the early Solar System for which we are probing.
Conclusions
This study has investigated the possible orbital parameters of the Earth-Moon progenitors at an era starting ∼30−50 Myr after the formation of CAIs. In doing so, we have probed a parameter space that depends on the assumed mass ratio of the progenitors (m L /m S ), starting semimajor axis of the proto-Moon (a S ), its eccentricity (e S ), and the orbits of the giant planets within the system. Our primary constraint for solutions to be considered realistic comes from the time of collision between the progenitors, as it is our best known observable from radioactive dating of the Apollo lunar samples. The dating measurements have limited the formation of the Moon to occur 70 -110 Myr after the formation of the CAIs, which implies a time interval of 20 − 80 Myr after the bulk formation of the (proto-)Earth (which is estimated to have occurred 30 − 50 Myr after the formation of the CAIs). Assuming that the vast majority of planetesimals have been accreted, we have shown in our model that a significant fraction of orbital configurations allow a fifth terrestrial planet to collide with the proto-Earth on a 20 − 80 Myr timescale. Within this subset of configurations, we consider the cases in which the terrestrial planets end up with low AMD (i.e., small orbital eccentricities) to be Solar System-like and show that they largely correspond to a closely spaced pairing of the Earth-Moon progenitors at the epoch when our integrations began.
Some parameters allow for switching of the planet ordering in semimajor axis to occur among the two initially outermost terrestrial planets and lead to a collision between a Mars-sized body with the proto-Earth. But in that case, the outermost terrestrial planet after the Giant Impact is farther from the Sun than was the outer most terrestrial planet at the beginning epoch. Thus, all five of the terrestrial planets would have been interior to the present orbit of Mars at the beginning of our simulations in order to account for the current state of the Solar System. Note that this scenario applies only if the the mass of the protoMoon is approximately equal to the mass of Mars.
Many large-scale trends in the evolution of our simulated system as a function of the starting position of the impactor are independent of the mass of the impactor and of the configuration of the giant planets (contemporary Solar System versus the Nice model). However the extent of the stability region in our models is dependent on the choice of mass ratio, where the Solar System 1/1 (SS1) and Nice model 4/1 (Nice4) cases both demonstrate larger stable zones than those of the Solar System 4/1 (SS4) runs and the Solar System 8/1 (SS8M) runs have a smaller stable zone.
Following Rivera (2002), we have described simulations where the Earth-Moon progenitors collide within 8 -200 Myr of evolution as our "success" outcomes. The location of the proto-Moon at the beginning of the epoch that we are simulating in many of these "success" cases lies on the border of an unstable region approximately symmetric about a S = 1.0 AU (spanning roughly from 0.8 to 1.2 AU). The possibility that the APPENDIX A RESONANT CASE STUDY proto-Moon arose from this region is further supported by the post-collision angular momentum deficit averaged for 10 Myr, AMD tp , which describes the degree of dynamical excitation of the resulting systems. These dynamical results are consistent with recent empirical evidence that indicates the putative giant impactor was not carbonaceous chondritic and contained only a slightly higher ∆ 17 O value than that of Earth (Herwartz et al., 2014; Hartmann, 2014) , implying that the material from which it was comprised condensed in a similar region as the proto-Earth.
Our results show far more systems with low AMD tp after a collision between the Earth-Moon progenitors for the Nice configuration of giant planets than for the SS configuration. However, the Nice model requires calmer, more ordered systems after the last Giant Impact since these systems typically have their AMD tp increased by eccentricity pumping during the giant planet rearrangement (Brasser et al., 2009 (Brasser et al., , 2013 Agnor and Lin, 2012) . Therefore, our results cannot be used to determine a preference for either the SS or Nice configurations without simulating the effect of the giant planet rearrangement in the Nice model on the AMD tp of the systems formed. Note also that a higher percentage of "success" outcomes in the Nice model extend to a broader range in starting a S as compared to the 4/1 mass ratio with the current giant planet architecture.
We have computed the scaled impact parameter (b col /r col ) and collision velocity (v col /v esc ) for the collisions in our simulations. The combination of a slow and grazing impact (with b col /r col 0.7 and v col /v esc 1.2) appears most often. Different impact scenarios determined by smooth particle hydrodynamic (SPH) models assume different mass ratios and require different combinations of impact parameter and collision velocity. Through this characterization, we find the collision parameters appropriate for the hit-and-run scenario (Reufer et al., 2012) to occur less frequently that those appropriate to the canonical impact scenario (Canup and Asphaug, 2001 ). However, our results do not discriminate strongly between the canonical and large impactor scenarios. Our results show weak gravitational focusing manifested in the impact parameter, which implies a preference against head-on collisions, especially those that are fast (v col /v esc > 1.2). As a result, we find the small impactor scenario (Ćuk and Stewart, 2012) to be less likely in our current parameter space as fast collisions are also expected to produce higher values of AMD tp .
Future SPH investigations are required to reconcile the mass and compositional constraints, especially noting that a large fraction result of our simulations result in collision parameters outside the given impact scenarios. These SPH studies could use collision parameters given in Tables 11 and 12 , which list results for runs having an impact with the prescribed time interval that yields a dynamically calm system analogous to the actual Solar System. Other recent studies (Elser et al., 2011) have investigated in detail which collisions are likely to form satellites, and Nakajima and Stevenson (2014) showed that the canonical and 7:3 scenarios are more likely to produce results commensurate with the expected thermodynamics of the circumplanetary disk to form the Moon. Furthermore, (Meier et al., 2014) have recently indicated that the hit-and-run and canonical scenarios to be the most likely based on the published isotopic predictions of each model. Much of the uncertainty in these models lies in only having samples of the mantle from the Earth-Moon system and Mars, where measurements from the mantles of Venus and Mercury would help to fully address the assumptions made for terrestrial embryo compositions.
Appendix A. Resonant Case Study
From Figure 3 , we can see features indicative of resonant dynamics, especially in the SS4 and Nice4 simulations, for which we have high-resolution plots. The 1:1 resonances have been noted in previous sections, but additional resonances are also evident, including the neighboring first-order mean motion resonances that are roughly symmetric about 1.0 AU.
We next consider the narrow unstable zone in the range of a S = 1.165 − 1.170 AU in the SS4 runs (Fig. 3b) because this feature is missing in the Nice4 runs (Fig. 3d) . This unstable zone stands out in the SS4 case as it persists for all eccentricities considered. In order to investigate this region, we display the variation in the specific elements related to the mean motion and secular components e, Jup − S in Figure A .18 for two beginning values of a S and for both the SS4 and Nice4 cases. This sample of the parameter space is used to explore the possible chaos induced by the 4L:3 MMR that is located at a S ≈ 1.1672 AU. Through this comparison, a nearby secular resonance with Jupiter (Froeschle and Scholl, 1989; Morbidelli, 2011, 2013a) in the Solar System case is found to enhance eccentricity pumping and destabilize the region. No comparable secular resonance exists in our results for the Nice Model (Fig. 3d) . Figure A .18 illustrates the variation for the first 1 Myr of evolution in the orbital elements e, Jup − S for the SS4 (Figs. A.18a, A .18b, A.18e, and A.18f) and Nice4 (Figs. A.18c, A.18d, A.18g, and A.18h ) cases considering two nearby starting semimajor axes, a S = 1.160 AU (top four panels) and a S = 1.165 AU (bottom four panels). These results are categorized by the scale of variation in Jup − S and its corresponding effect on the evolution of eccentricity. Figure A. 18a demonstrates a slow variation and near resonant behavior that leads to pumping of eccentricity and a larger value of maximum eccentricity, e max , in Figure A .18b. Figs. A.18c and A.18g (Wisdom, 1980; Tsiganis, 2010; Batygin and Morbidelli, 2013b; Deck et al., 2013) , which becomes manifest in a rapidly varying eccentricity and the largest value of e max . This leads this particular simulation to eventually go unstable.
From the comparison of nearby initial conditions, the evidence suggests that a weak MMR resides in the region a S = 1.165 − 1.170 and induces some excitation of eccentricity independent of the chosen architecture of the giant planets in our 5 terrestrial planet model. However, the addition of a secular resonance from Jupiter in the SS4 configuration changes the landscape from stable (for 200 Myr) to unstable due to the additional chaos. (a,b,e,f) and Nice (c,d,g,h) architectures with a S = 1.160 (a-d) and a S = 1.165 (e-h). All four cases begin with the same eccentricity e S = 0.04 and e L = 0.02 for the proto-Moon and protoEarth, respectively. The panels on the right (b,d,f,h) illustrate the eccentricity variations of both the proto-Earth (blue) and the proto-Moon (red) for the first 1 Myr of evolution. The panels on the left (a,c,e,g) demonstrate a test of the possible commensurability of precession with respect to Jupiter. We note the variations present in the SS4 case with a S = 1.165 (e,f) lead to a collision within 200 Myr while the 3 other cases do not. Table 11 : Collision properties are given for simulations with the current Solar System gas giant planet architecture that have a collision within the time interval of 20 − 80 Myr and result in the lowest AMD tp . We show the results for 3 simulations for low resolution 1/1 "success" set, 6 simulations for the low resolution 8/1 set (3 "success" and 3 "pseudo-success" in which Mars and L collided producing the third planet from the Sun), and 20 simulations for the high resolution 4/1 "success" set. The first two columns give the starting semimajor axis (a S ) and eccentricity (e S ) of the proto-Moon. The following four columns show the impact parameter (b col /r col ) and velocity (v col /v esc ) at the time of the collision (t col ) and these variables "prior" to the terminal approach, (b ∞ /r col ) and (v ∞ /v esc ). The final three columns give the spin angular momentum (L col ), average summed terrestrial planet AMD AMD tp , and collision epoch (t col ). The 8/1, 1/1, and 4/1 mass ratios have a different collision radius (r col ) for each set of runs that are 9577, 10666, and 10101 km, respectively. The associated escape velocity (v esc ) values are 9.16, 8.7, and 8.9 km s −1 . The escape velocity for the "pseudo-success" (Mars + L) cases given is slightly reduced to 9.14 km s −1 and the collision radius is 9559 km. Table S2 : Collision properties for simulations with m L /m S = 4/1 for the circular (e S = 0.0, i S = 0.0) and eccentric (e S = 0.10, i S = 2/3 • ) cases whose ranges of inquiry have been provided in Table S3 : Collision properties for simulations with m L /m S = 8/1 for the circular (e S = 0.0, i S = 0.0) and inclined (e S = 0.00, i S = 2/3 • ) cases whose ranges of inquiry have been provided in Table S4 : Collision properties for simulations with m L /m S = 8/1 for the eccentric, inclined (e L = 0.05, e S ≈ 0.14, i S = 2/3 • ) case whose starting conditions where provided in Rivera (2002) but results where not shown. See Table S1 for symbol definitions.
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